Exosome-mediated intercellular communication has become an emerging field of human health and diseases. A recent study published by Cell Research reports that in zebrafish neurons can remotely regulate blood-brain barrier integrity by delivering miR-132 through secretion of exosomes.
velopment via Wnt and Sonic Hedgehog (Shh) signaling pathways [1] . Neuronal activity influences cerebrovascular pattern [5] and transport across the BBB of substrates such as serum insulin-like growth factor-1 [6] . However, the role of exosomes in regulating BBB integrity and functions is poorly understood.
Exosomes are 30-100 nm doublemembrane extracellular vesicles produced by nearly every cell type. They are generated mainly from reverse budding of multivesicular bodies, and are enriched in signaling proteins and lipids of parental cells. Exosomes play an important role in neuron-glia communication and regulation of synaptic plasticity [7] . They carry and deliver pathogenic peptides, such as amyloid-β, prion, α-synuclein and tau [7] , and play a role in communication across the BBB between periphery and CNS during systemic inflammation [8] .
Exosomes also carry RNAs including microRNAs. MicroRNAs are small non-coding RNAs with ~22 nucleotides capable of silencing gene expression via the RNA-induced silencing complex. In the CNS, microRNAs have been shown to not only contribute to gene regulation during development, but also to remodeling of neural circuits in adulthood. MicroRNAs have been associated with pathogenesis of many CNS disorders [9] . First known for their essential roles in cell-autonomous regulation of gene expression, the microRNA-dependent exosomal signaling is currently being recognized as an intercellular route in regulating gene expression in distant cells. For instance, in response to peripheral inflammation, exosomes from hematopoietic cells contribute to longrange RNA-based communications with Purkinje neurons in the brain across the BBB [10] .
In a recent paper in Cell Research, Xu and colleagues [11] used zebrafish as a model system to examine the function of miR-132, a microRNA predominantly expressed in neurons. By antagonizing miR-132 with morpholino antisense oligonucleotides, they surprisingly found that zebrafish larvae with inactivated miR-132 (miR-132 morphants) exhibited severe intracranial hemorrhage and impaired BBB integrity, as shown by extravasation of red blood cells and brain accumulation of exogenous circulating tracers. This finding was confirmed by a genomic editing using Cas9 (CRISPR associated protein 9) and miR-132-specific guide RNAs to disrupt the endogenous miR-132 loci (Figure 1) .
Although miR-132 is enriched in neurons and known to regulate neuronal differentiation and expression of an autism-related gene MeCP2 via feedback control, it is also present in endothelial cells and can regulate angiogenesis. This raises a question, which source of miR-132 is sealing the BBB? Xu and colleagues utilized a competitive inhibition approach with transcripts containing multiple miR-132-binding sites; they found that expression of miR-132 sponges using a neuron-specific HuC promoter phenocopied miR-132 morphants, suggesting that the source of miR-132 is likely from neurons. The story then became more interesting, as they also found that increasing neuronal expression of miR-132 in zebrafish larvae also elevated miR-132 level in endothelial cells, suggesting transfer of miR-132 from neurons to endothelial cells. Next, Xu and colleagues sought for direct evidence in vivo using transgenic zebrafish larvae, in which neuronal exosomes are filled with green fluorescent protein (GFP) and brain endothelial cells labeled with red fluorescent protein (RFP). They obtained time-lapse confocal images showing uptake of GFP-positive exosomes by RFP-positive endothelial cells, supporting the intercellular exosome transfer hypothesis. Additionally, they showed that purified neuronal exosomes are taken up by mouse brain endothelial cells, and exosomes secreted by mouse neurons in vitro can transfer miR-132 to co-cultured endothelial cells, suggesting that this mechanism is conserved in mammals.
What is the underlying molecular mechanism? Xu and colleagues examined multiple aspects of the BBB integrity and found that only vascular endothelial cadherin (encoded by Cdh5 gene), a component of the adherens junctions, was significantly downregulated in miR-132 morphants, whereas the tight junction proteins, pericyte coverage and transcytosis machinery remained unaffected. With microarray analysis of miR-132 morphants and computational prediction using MicroCosm, they also identified that eEF2K, encoding eukaryotic elongation factor 2 kinase, is the direct target of miR-132 in endothelial cells. The eEF2K inhibits translational elongation of Cdh5 by phosphorylation of eukaryotic elongation factor 2 (eEF2), and neuronal miR-132 releases this inhibition and allows Cdh5 gene expression in endothelial cells enhancing the BBB integrity.
Overall, findings by Xu et al. support a long-range exosome-mediated communication between neurons and brain endothelial cells, which is exciting and important. Their findings also raise a number of questions, e.g., whether brain endothelium can communicate back to neurons via endothelial-derived exosomes? And, whether the BBB in primates and humans can also be remotely controlled by miR-132? Further, future studies should explore whether greater anatomical distances in the larger human and primate brain pose a diffusional barrier for exosomal regulation of BBB permeability.
With regards to translational potential, these findings raise additional questions as to whether neuronal-derived miR-132 levels are altered in the CSF in individuals with mild cognitive impairment associated with a regional hippocampal BBB disruption [12] , and/ or neurodegenerative conditions and dementia associated with small vessel disease, BBB breakdown and cerebral microhemorrhages, such as Alzheimer's disease (AD) [1] . Interestingly, the CSF microRNA profiles in AD and cognitively normal controls are different [13] , possibly suggesting that miRNA biomarkers may add to sensitivity and specificity of AD diagnosis when combined with standard AD and vascular injury biomarkers. Additionally, mixing microRNAs and exosomes as nanoparticles has potential to deliver therapeutic siRNAs across the BBB into the brain. Thus, the report by Xu and colleagues has opened the door for a new direction and thinking in the field focused on the role of exosomes in controlling BBB integrity in health and disease. 
